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KINETIC TERM
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Peskin’s notation



CHIRALITY
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(GAUGE INTERACTION
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CONCLUSION

With only left-handed fermions we can write both the
kinetic terms and gauge interaction terms.

With only right-handed fermions we can write both
the kinetic terms and gauge interaction terms.



DIRAC MASS TERM
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We need both left-handed and right-handed fermions to write a Dirac mass
Term.

Chirality flipping



ANY OTHER SORT OF MASS TERM

Dirac mass term
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Invariance under Lorentz transformation

!
11 f

W

Any other form of mass term?
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Dirac mass term
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Majorana mass term



ANY OTHER SORT OF MASS TERM

Dirac mass term

Invariance under Lorentz transformation

Any other form of mass term?

. To be discussed later
Majorana mass term



SOLUTION OF DIRAC EQUATION
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ULTRA-RELATIVISTIC LIMIT
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HELICITY VERSUS CHIRALITY

Helicity= S - p

Ultra-relativistic limit:  helicity <mm) chirality

7 /

Right-handed Left-handed



ANTI-FERMION
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Notice reversed sign!

Reminder of fermion: C73€(T) = ﬁ(T) 03{(l) — —5



ANTI-FERMION

=
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Anti-particle of fermion with positive helicity

Anti-fermion with negative helicity

Anti-particle of fermion with negative helicity

Anti-fermion with positive helicity



REMINDER

Helicity=spin in the direction of momentum
For massless particles, helicity 1s invariant.
But, for massive particles, is not




OBSERVATION

In the weak 1nteractions,
Neutrinos have negative helicity
Anti-neutrinos have positive helicity
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M. Goldhaber et al., Phys. Rev. 109 (1957) 1015

Angular momentum conservation



FOUR-FERMION EFFECTIVE FERMI
INTERACTION

A
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Left-handed

E < mwy ~ 80 GeV



PARITY VIOLATION

r——r p——-p J=S+L-—->J




PARITY VIOLATION

r——-—x p—o-p J=5S+L-—-J

Parity is violated




DISCOVERY OF PARITY VIOLATION

Co— Ni+e + 1,

N( Co )




This discovery resulted in her colleagues Tsung-Dao Lee and
Chen-Ning Yang winning the 1957 Nobel Prize in Physics,
while Wu herself was awarded the inaugural \Wolf Prize in Physics in 1978.



https://en.wikipedia.org/wiki/Tsung-Dao_Lee
https://en.wikipedia.org/wiki/Chen-Ning_Yang
https://en.wikipedia.org/wiki/Nobel_Prize_in_Physics
https://en.wikipedia.org/wiki/Wolf_Prize_in_Physics

Effective four-Fermi interaction

!

SU((2)xU(1)



Effective four-Fermi interaction

SU(2)xU(1)

Only left-handed neutrinos
And right-handed antineutrinos



LAGRANGIAN OF THE LEPTONS
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CHANGE OF BASIS
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LEPTON FLAVOR
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In the SM, L., L“ and L;are conserved.
Decay modes conserving lepton flavor:

B — Vely€ T — UrlUppt T  — T Us

Decay modes violating lepton flavor:

@ LEPTON FLAVOR CONSERVATION




PROPAGATION

Within Old SM with m, = 0 the flavor of
neutrino do not change 1n propagation.

Ve remains Ve

), remains UV,

/- remains /-



PROPAGATION IN OLD SM

Within Old SM with m, = 0 the flavor of
neutrino do not change 1n propagation.

Ve rvemains Ve

), remains UV,

U+ remains U+




SOLAR MODEL
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BP00 BP04  BSB05(GS98) BSB05(AGS05

)
®,,/101° 595(1+0.01) 5.94(1+0.01) 599 (1+0.009) 6.06 (1= 0.007)
Bpep /108 1.40 (1+0.015) 1.40 (1 £0.02) 1.42(1+0.015) 1.45(1+0.011)
B)ep / 103 9.3 7.88 (1 +0.16) 7.93 (1 40.155) 8.25(1 + 0.155)
Orp. /10°  4.77(1+0.10) 4.86(1+0.12) 4.84 (1 +0.105) 4.34 (1 + 0.093)
®sp /106 5.05(110%) 5.79(1+0.23) 5.69(1131%3) 451 (115120
Ouy /10° 548(1100) 5 (1iE) 3.05(1132%) 200(1721%)
Buo/10°  480(170%) 5.08(170%) 231 (17037) 144 (14010

) 8251548

Ourp /10° 563(1+0.25) 5901(11047) 5.83(112738) 3.25(1+01%9

N N N N

C. Giunti and C. W. Kim
Fundamentals of neutrino physics and astrophysics

observation= (1/3) of expected

Davis, Harmer and Hoffman, PRL (1968)




SOLUTION OF THE PUZZLE

Neutrino oscillation

Pontecorvo proposed in 1957 in analogy of

R 53 B

Even before solar neutrinos were discovered!!'!



NEUTRINO MIXING
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Charged leptons have definite mass



NEUTRINO MIXING
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Flavor neutrinos do not have definite mass




NEUTRINO MIXING

Vel

vV _
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fr
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Flavor neutrino do not have definite mass

They are admixtures of neutrinos with definite mass.

UV o — E (/ 1 l/i
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Flavor

Mass



Vo = Z UaiVi
1

U i 1s a unitary matrix.

Z Uai E;z — 504,6’ Z Uai U;J — 5ij




FROM FIELDS TO HILBERT SPACE STATES
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FROM FIELDS TO HILBERT SPACE STATES
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UNITARITY
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EVOLUTION IN TIME
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OSCILLATION PROBABILITY
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We have taken plane waves.

We have taken the same momentum for all mass
elgenstates.
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We have taken plane waves.

We have taken the same momentum for all mass
elgenstates.
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Why?



CONTROVERSY

Some groups have questioned the standard
treatments.



CONTROVERSY

Some groups have questioned the standard

treatments.

Lots of papers in recent (!!) years



CONTROVERSY

Some groups have questioned the standard

treatments.
Lots of papers in recent years

Some terribly wrong!



RELIABLE AND CLARIFYING SOURCES

Akhmedov

Gilunti

Smirnov



WHAT HAPPENS IN PRACTICE

Detector

Source Vi '

Plane
waves

' > Wave-packets




WAVE PACKETS
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WAVE PACKETS
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L=xg—xp T=tp—ts

P(l/a: — Vg, L) . /’D<I/;3‘V(1>S‘2(IT

After integration finite resolution

@ Of detector (summing over ¢p(p) )

Standard formulas for wavepacket 1s reproduced.



FEYNMAN DIAGRAM

Detector
Source Vs '
Ap > :
p XD B XS I > Va On'Shell
Quantum
Field

I > Quantum mechanics

Theory




ASSUMPTION

- d‘3p —t|E;(t—tg)—p-(Z—Zg)]Fr*
vai,t)s = [ zgs(p)e O PEENT Yy p)

(27)

d3p
.Y p =
|V,3,r, >D / (27‘_)

No dependence on 1"




APPROXIMATION f‘> ASSUMPTION

At source:

a — v+ X gs(p) x M(a — v; X)

At detector:

b+y; — Y gp(p) x M(b+v; —Y)

dM

dm?

Am fj <M

No dependence on 17



COHERENT PRODUCTION

Can the neutrinos from Z0 decay oscillate?

Smirnov and Zatsepin

Mod Phys Lett A7 (1992)
I/Cl':
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DO CHARGED LEPTONS OSCILLATE?

Electron, muon and the tau leptons are mass
elgenstates.

v

They do not oscillate!



DO CHARGED LEPTONS OSCILLATE?

Electron, muon and the tau leptons are mass
elgenstates.

v

They do not oscillate!

How about a coherent mixture of charged leptons?

Because of large mass difference producing such a state is
Not practical.



MATTER EFFECTS

P(ve — v3) = | (vg|va;t)

Matter effect
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WHERE DOES THE MATTER EFFECT COME
FROM?

Hepp(x) = Heff( )+Heff( r)




(matter|Hrs(x)|matter)

Un-polarized
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EFFECTIVE LAGRANGIAN IN A MEDIUM

L =i)d -y — mipp — Vapy'y
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Is not Lorentz invariant

Written in rest frame of the medium
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Diag(m3i/2E, m3/2F) Diag(0, Agp)

Diag(Va.,V3)  Diag(V = Vo — V3, 0)

A = \/(Ag1 cos 20 — V)2 4 (Ag sin 26)?

Agl sin 26

tan 20m = R cos20 — V
21 COS 20 — V
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